Abstract-No validated models in Europe are capable of simulating the environmental fate of pesticides under the specific conditions of rice fields. Rice water quality-vadose zone flow and transport (RICEWQ-VADOFT) is a model developed from the coupling of a surface runoff model (RICEWQ) and a vadose zone flow and transport model (VADOFT) for determining predicted environmental concentrations in paddy water and sediment, runoff, and groundwater. This study is intended to evaluate the capability of this model to simulate effectively the environmental fate of the herbicide pretilachlor in the paddy environment. A two-year field study conducted in a representative rice-cultivated area of northern Italy provided measured concentrations of pretilachlor in paddy water and sediment and also a limited number of observations on runoff losses. The model successfully predicted the water balance in the paddy field in both years. After limited calibration, the model predicted the fate of pretilachlor in paddy water and sediment with high accuracy. Agreement between predicted and measured concentrations of pretilachlor in both years was assessed statistically using several statistical indicators. For example, modeling efficiency (EF) values of 0.867 to 0.935 and 0.702 to 0.718 in paddy water and sediment, respectively, document the strong agreement between predicted and measured pesticide concentrations. The model predictions showed high agreement with the limited amount of measured runoff data in 2002. The model predicted that no significant amounts of pretilachlor would leach below the top 25 cm of the soil, although no measured data were available to evaluate the predicted results. A sensitivity analysis of the model to variables controlling pesticide partitioning to paddy sediment (VBIND, depth for direct partitioning of pesticide to bed sediment; VMIX, mixing velocity by molecular diffusion) revealed that the predictions of pesticide leaching were influenced strongly by those variables. Generally the RICEWQ-VADOFT model is a useful modeling tool for pesticide risk assessment in rice paddies.
INTRODUCTION
Rice is considered a high-value crop that is cultivated in Europe under submerged conditions. The requirements of high volumes of water for maintaining flooding conditions throughout the cultivating season have led to the establishment of rice growing areas within river basins. Such rice-cultivating areas are located close to large urban areas, including the Axios river basin in northern Greece and the Po valley basin in northern Italy, whereas others are situated within zones of high ecological value such the National Park of Donana and the Lagoon of Valencia in Spain [1] .
Weeds have been recognized as the most significant crop protection constraint in rice cultivation in Europe, and their control mainly relies on selective herbicides. However, their intensive use in rice cultivation has resulted in the frequent detection of herbicides in adjacent surface and groundwater systems. A monitoring study employed in the Albufera Lake in Spain, which receives and provides water for rice irrigation, revealed maximum concentrations of 1.78, 10.3, and 0.31 for the herbicides molinate, bensulfuron-methyl, and benthiocarb, respectively [2] . Similar results have been reported in the main rice cultivation areas in Greece [3] , Italy [4, 5] , and Portugal [6] , raising concerns about the risk of environmental and human exposure.
According to the directive 91/414/EC (available at http:// europa.eu.int/comm/food/fs//phps/pro/legal/indexen.htm), environmental exposure analysis using validated mathematical models should be provided by all companies seeking registration for their compounds. Although a uniform approach for regulatory modeling has been adopted within Europe, this is not applicable to rice. The particular conditions of rice cultivation would require the development of specific guidelines and the use of appropriate modeling tools. However, few mathematical models currently are available for simulating the environmental fate of pesticides in rice paddies. The pesticide paddy field model was developed in Japan for predicting pesticide concentrations in paddy fields and the runoff amount of the pesticide in nearby surface water bodies [7] . In the United States of America, a pesticide runoff model for rice cultivation, rice water quality (RICEWQ), was developed for pesticideexposure assessment [8] . Both models can calculate chemical dissipation in the paddy and surface water releases but do not consider pesticide losses through leaching [7, 9] , which could be a significant dissipation path for certain pesticides under field conditions. In order to describe adequately both leaching and runoff processes, an improved version of the RICEWQ 1.6.2v was developed where an interface between RICEWQ and vadose zone flow and transport (VADOFT) model was built. Preliminary evaluations of the RICEWQ 1.6.2v model using monitoring data from a field study in northern Italy with the low-input herbicide cinosulfuron illustrated that it could be an effective tool for exposure assessments under the particular conditions of rice cultivation [10] . However, further validation of the model using pesticides with varying environmental and agricultural properties is necessary to allow for the model to be fully implemented for regulatory purposes within the European Union.
Pretilachlor (2-chlor-2,6-diethyl-N- [2-propoxyethyl] acetanilide) is an acetanilide herbicide that is applied in flooded paddies in Italy as a preplanting or postemergence treatment for the control of red rice (Oryza sativa L.). Pretilachlor is a relatively nonpersistent herbicide with 50% degradation time values of 3.5 and 7 to 10 d in paddy water and sediment, respectively [11] . Adsorption of pretilachlor mainly is controlled by soil organic matter with distribution coefficient (K d ) values of 5.8 to 7.5 [12] and 15.6 [13] . A two-year study (2001) (2002) recently was conducted in northern Italy to determine the environmental fate of pretilachlor under realistic field conditions [14] . The purpose of this paper was to apply the monitoring data provided by this field study in order to evaluate the capability of the RICEWQ-VADOFT model to simulate the environmental fate of pretilachlor and to perform a sensitivity analysis for certain input variables of the model that control pesticide partitioning between paddy water and sediment.
MATERIALS AND METHODS

Description of the RICEWQ-VADOFT model
The RICEWQ simulates water and chemical mass balance associated with the unique flooding conditions, overflow, and controlled releases of water that are typical of rice paddies. The model applies the principle of mass balance to simulate water volume changes and pesticide residues in rice paddies from the point of chemical application The RICEWQ tracks mass balance of chemical in three environmental compartments: Rice foliage, water column, and benthic sediments. The equation that is used by the model for calculating mass balance in crop foliage is Chemical partitioning between bed sediment and paddy water occurs through direct partitioning, diffusion, settling of chemical adsorbed to suspended sediment, and resuspension of adsorbed sediments. The mass balance equation for the paddy sediment that is used by the model and describes all the above processes is given below 
where D is the apparent dispersion coefficient (m 2 /s), c is the solute concentration (g/L), is the volumetric water content (m 3 /m 3 ), V is the vertical Darcy velocity (m/s), R is the retardation coefficient (dimensionless), and is the first-order decay constant (s Ϫ1 ). As for water balance, RICEWQ and VADOFT both use a water-balance model to calculate the water balance in the paddy and soil profile, respectively,
‫ץ‬t where the change in storage (‫ץ‬S) (m 3 ) over time ‫ץ‬t (s) is equal to the cumulative sum of inflow (⌺ I) (m 3 /s) minus the cumulative sum of outflow (⌺ O) (m 3 /s) and system occurs through seepage to deeper soil layers, evaporation, overflow, and controlled drainage.
The models were integrated by transferring water and pesticide flux predicted as seepage by RICEWQ as prescribed boundary loadings into VADOFT. The top 5 cm of the soil profile was represented by the active sediment layer in RI-CEWQ. The remainder of the soil profile was represented as multiple compartments in VADOFT. The bottom of the active sediment layer is the interface between the two subsystems represented by the two models.
Rice water quality model is driven by daily weather data and operates at a subdaily time step to obtain the daily decay, runoff, and leaching amount by integration. When irrigation and precipitation exceeds the depth of the paddy outlet, overflow occurs. When soil moisture in the paddy exceeds field capacity, seepage to VADOFT commences. As the paddy dries, soil moisture can decrease to the wilting point through evapotranspiration. Pesticide residues in seepage water interact with the bed sediment through sorption and degradation. For a full description of both models the reader is referred to related user manuals [8, 15] .
Site details and measurements
An experimental study was employed in 2001 and 2002 on a 35-ha area located in the northern part of the East Sesia zone (Municipality of Barengo, Novara, Italy; 45Њ33Ј30ЉN, 8Њ31Ј15ЉE). This area, completely devoted to rice cultivation, is the northernmost rice-growing area in Italy and is part of the Po Valley. Due to its crop uniformity and the nature of agricultural management practices used, the study area was considered as being representative of rice-growing systems in northern Italy. A more detailed description of the study area is reported in studies carried out in the same site to evaluate the environmental behavior of herbicides like pretilachlor and cinosulfuron [14, 16] .
Within the study area, a specific paddy field (test paddy) was considered for studying the environmental fate of pretilachlor. The test paddy is located within and downhill from a wider study area and it has a surface area of 2.16 ha extending from west to east (Fig. 1) . The test paddy is part of a series of connected fields, of which it lies the furthest downhill, and it receives water from the uphill paddies. The surface soil layer (0-20 cm) of the test paddy was sandy loam with pH of 5.5 and 1.3% organic carbon (Table 1) . Soil samples were analyzed and classified in accordance with the official methods of the Italian Soil Science Society [17] .
Pretilachlor was applied to the test paddy at 1,125 g active ingredient (a.i.)/ha, as the commercial herbicide Rifit (pretilachlor at 500 g/L; Syngenta, Basel, Switzerland). Irrigation of the test paddy commenced 6 d before pretilachlor treatment. Water samples also were collected from the outlet of the test paddy only during 2002 and samples were analyzed for residues of pretilachlor. Daily maximum-minimum temperature and annual precipitation (cm) were collected for the study period in both years. Paddy water inflows and outflows also were measured during the study period in order to calculate water balance in the test paddy.
Model parameterization and assumptions
The input variables/parameters required by the RICEWQ-VADOFT model are shown in Tables 2 and 3 . The simulation period began on April 1 in both years and finished on July 24, 2001 and August 7, 2002. Crop practice and water management parameters were obtained from the field experiment (Table 2 ). Pesticide decay rates in sediment and foliage were calculated from half-life values reported in the literature [11, 18] assuming first-order decay, which is in agreement with the assumption used by the model for pesticide decay in all environmental compartments [8, 15] . Pesticide decay rates in paddy water were derived from the field experiment for both years [14] . The water/sediment partition coefficient of pretilachlor was determined as the average K d -value of 70 measurements in different paddy sediments and a value of 7.05 Ϯ 0.41 was obtained [12] . Other pesticide parameters such as water solubility were derived from the literature [18] . The volatilization coefficient was set to 0 because pretilachlor is not considered volatile. In addition, the use of field dissipation decay rates for pretilachlor in paddy water in the model suggests that other dissipation subroutines like volatilization should be switched off [19] .
Hydrological properties of the soil were derived from pedotransfer functions. Field capacity (cm 3 /cm 3 ), wilting point (cm 3 /cm 3 ), and bulk density (t/m 3 ) were derived from Baumer pedotransfer functions with the Soil Parameters Estimate software (SOILPAR, Research Institute of Industrial Crops, Bologna, Italy) according to measured soil physical and chemical data [20] . The initial soil moisture content (cm 3 /cm 3 ) was set to field capacity. The volume of inflowing (In, cm) and outflowing (Out, cm) water from the paddy field, the total precipitation (Prec, cm) and evapotranspiration (ET, cm) during the study period in both years were used for calculating seepage rate in the test paddy for each year of the study. In rice, evapotranspiration is assumed equal to pan evaporation, which is a valid assumption for an aquatic environment [21] . Therefore, the potential evapotranspiration was calculated with the Penman-Monteith approach using the Global Solar Radiation Estimate software RadEst 3.00 (Research Institute of Industrial Crops) [22] . If the test paddy is regarded as a single hydraulic system, then the percolation/seepage rate (Perc) can be calculated from the following equation:
A soil horizon depth of 510 cm was simulated and divided into two soil compartments: A first sandy loam soil horizon (5-55 cm) and a second gravel-based subsurface soil horizon.
The size of the model layers (nodal space ⌬z [cm]) and the time step value (⌬t [s]) were set according to the Peclet number and Courant number criteria
sol R where ␣ L is the longitudinal dispersion (cm), V sol is the solute velocity (m/s), V is the Darcy velocity (m/s), is the water content (cm 3 /cm 3 ), and R is the retardation coefficient. In the absence of site-specific ␣ L values, it is recommended that the dispersivity be chosen as one-tenth of the distance of the flow path or ␣ L ϭ 0.1 , where is the thickness of the vadose zone (cm) [15] . In the simulation, transient water flow was assigned to modules within VADOFT relating to both water flow and chemical transport. A gradual reduction in the degradation rate of pretilachlor with soil depth was assumed. Therefore, the decay rate of pretilachlor in the first soil compartment (5-55 cm) was assumed to be the same as in the active sediment layer, whereas in the second soil compartment (55-510 cm) a 10-fold reduction in the degradation rate was assumed. Such reductions in the degradation rate in the deeper soil layers have been reported for other herbicides like atrazine [23] and 2,4-D [24] . For all soil horizons, in the absence of site-specific measurements, the same value of Darcy velocity (cm/d) was used [15] , and the retardation coefficient for the two soil horizons was calculated with the formula
where R is the retardation factor (dimensionless), K d (cm 3 /g) is the distribution coefficient, is the soil bulk density (g/ cm 3 ), and s (cm 3 /cm 3 ) is the saturated water content. Input parameters for the VADOFT model, including saturated hydraulic conductivity (cm/d), saturated water content ( s , cm 3 / cm 3 ), residual water content ( r , cm 3 /cm 3 ), and van Genuchten model parameters ␣, ␤, ␥, were derived using PRZM 3.0 Users Manual for the different porous materials of the soil horizon [15] . Other parameters such as effective porosity (, dimensionless) and residual water phase saturation (S wr , dimensionless) were calculated with the following formulae:
s r r S ϭ
wr s
The RICEWQ requires daily precipitation (cm) and daily evaporation (cm) during the simulation period, which were derived from the field study. Calibration of the model was performed against observed data from 2001. User-estimated parameters like the settling velocity of suspended sediment (VSETL, m/d), the mixing depth to allow direct partitioning of pesticide to bed sediment (cm; VBIND, cm), and the mixing velocity by molecular diffusion (VMIX, m/d), which control pesticide partitioning-topaddy sediment, were parameterized after calibration. Assessment of the values derived from the calibration was performed against observed data from 2002. Such a testing exercise has been reported as acceptable for assessing the validity of parameters derived from calibration [25] .
Model performance was assessed objectively by comparing the degree of agreement of the model predicted values with the observed values of pretilachlor in paddy water, sediment, and runoff/drainage water leaving the paddy. In addition, several statistical indices including modeling efficiency (EF), root mean square error (RMSE), coefficient of residual mass (CRM) [26] , Nash-Sutcliffe coefficient (CNS) [27] , and reduced error estimate (REE) [28] were used to express the overall fit of the model simulation (Table 4 ). In general, the lower the RMSE and REE values, and the higher the EF and CNS values, the Table 4 . Selection of statistical model indicators used in the current study. The P i and O i are the predicted and observed values respectively, Ō is the average of the observed values, n is the number of observations
Statistical indicator Formula
Root mean square error (RMSE) higher the agreement between measured and predicted data [26, 28] . The optimal value for CRM is zero with a negative value indicating underestimation by the model and vice versa [28] .
Sensitivity analysis
Four input variables, including VBIND, VMIX, and the interrelated parameters VSETL and concentration of suspended sediment (CSS), were identified as key parameters controlling the predicted amounts of pretilachlor to paddy sediment, which subsequently enter to the vadose zone. A sensitivity analysis was performed for these four parameters using a simple approach where each parameter was varied one after the other and all other parameters were kept at their nominal values (one-at-a-time sensitivity analysis) [25] . All these parameters are not readily determined experimentally and they were varied according to expert judgment. The VBIND was given 17 values between 0 and 0. The total pesticide amount entering the vadose zone (pesticide seepage) was considered as an appropriate output for comparing the effect of varying values on the sensitivity of the RICEWQ-VADOFT model to seepage predictions.
RESULTS
Water balance
The measured amounts of rainfall, inflow, and outflow from the test paddy and the estimated evapotranspiration for both years were used in Equation 9 to calculate seepage rates. The calculated seepage rates in the test paddy for 2001 and 2002 were 0.07 and 0.27 cm/d, which are within the range of literature values for similar rice fields [16] .
The predicted and measured water balance in the test paddy are presented in Table 5 . The major route of water loss in the rice paddy was drainage/runoff, which accounted for 64. 4 
Simulation of the dissipation of pretilachlor in paddy sediment and water
A limited calibration of the model for user-estimated variables such as VBIND, VMIX, and VSETL was performed against measured data from 2001. The use of statistical indicators revealed that the best fit to the observed concentrations of pretilachlor in paddy water and sediment was obtained when VBIND was set to 0.03 and VMIX and VSETL were set to 0. When VBIND was set to 0.04, the model overpredicted concentrations of pretilachlor in paddy sediment in 2001 as shown by the high CRM value (0.593; Table 6 ). This was further supported by the low EF (0.370) and the high RMSE (98.9) values calculated when VBIND was set to 0.04, compared with the corresponding higher EF (0.702) and lower RMSE (67.7) values obtained when VBIND was set to 0.03. In contrast with model predictions in paddy sediment, changes in VBIND values did not appear to influence strongly the agreement between predicted and measured concentrations of pretilachlor in paddy water (Table 7) . With calibrated conditions, the observed concentrations of pretilachlor in the water of the test paddy and the respective dissipation patterns of pretilachlor as predicted by the RICEWQ-VADOFT model are shown in Figure 2 . In general, there was a good agreement between measured and predicted concentrations of pretilachlor in paddy water in both 2001 (Fig. 2a) and 2002 (Fig. 2b) . The model slightly underestimated concentrations of pretilachlor in paddy water between 0 and 20 DAT. This is further illustrated by the negative values of CRM (Ϫ0.212 and Ϫ0.293) in both years (Table 7) . Similar results were obtained when other statistical indicators were used. The low RMSE (35 and 48.9) and the high EF (0.935 and 0.867) and CNS (0.932 and 0.867) values in both years demonstrate the high agreement between observed and predicted data. With calibrated conditions, the observed concentrations of pretilachlor in paddy sediment and the respective dissipation patterns of pretilachlor as predicted by the RICEWQ-VA-DOFT model are shown in Figure 3 . The model accurately predicted dissipation of pretilachlor in paddy sediment in 2001 (Fig. 3a) . Although the overall fit of the model was good in 2002, RICEWQ-VADOFT underestimated the concentration of pretilachlor in paddy sediment 5 DAT in 2002 (Fig. 3b) . This is mirrored in the negative CRM value (Ϫ0.252) obtained in 2002 (Table 6 ). The strong agreement between observed and predicted concentrations in sediment also was evident when other statistical indicators were used (Table 6 ). In general, the agreement between observed and predicted data was more evident in 2002 than in 2001, as illustrated by the lower RMSE and REE and the higher EF and CNS values in the former year.
Simulation of pretilachlor losses due to runoff/overflow
The measured and predicted concentrations of pretilachlor leaving the test paddy due to runoff/overflow in 2002 are shown in Table 8 . Measurable amounts of pretilachlor were present only in samples collected 21 DAT where a concentration of 8.5 g/L was detected. In comparison, the corresponding concentration predicted by the calibrated model was 7.1 g/L. In addition, the model predicted that concentration of pretilachlor was below the limit of detection in the other two sampling dates, which is in agreement with the observed data. 
Simulation of pretilachlor losses due to leaching
No measured data were available for pretilachlor leaching to the soil horizon below the test paddy. However, RICEWQ-VADOFT predicted the amounts of pretilachlor leaching to the deeper soil layers. The distribution of pretilachlor residues in the soil horizon beneath the test paddy 73 DAT in 2002 is illustrated in Figure 4 . This date was selected because, in this date during the simulation period, pretilachlor showed the maximum leaching potential (data not shown). In general, under calibrated conditions the model predicted that pretilachlor would not move to the deeper soil layers with its higher concentration remaining in the top 25 cm of the soil horizon. In addition, the model predicted that less than 0.001 g/g of pretilachlor would leach to 100-cm depth 73 DAT. Increases in the values of the variable VBIND resulted in corresponding increasing concentrations of pretilachlor in the vadose zone (Figs 3b-d) . However, even when the highest VBIND value (0.2) was used the model predicted that no appreciable amounts (Ͻ0.005 g/g) of pretilachlor would leach below 106 cm depth.
Pesticide mass balance
With calibrated conditions, the amount of pretilachlor dissipated in paddy water and sediment together accounted for approximately 93 and 96% of the initially applied herbicide in 2001 and 2002, respectively (Table 9 ). In contrast, losses of pretilachlor due to overflow/runoff events accounted for 5. of the initially applied pesticide) compared to 2001 (0.4% of the initially applied pesticide). When VBIND was set to 0.04, an increase in the amount of pretilachlor degraded in paddy sediment (27.1% of the initially applied a.i.) and a corresponding decrease in the pesticide amount degraded in paddy water (66.4% of the initially applied a.i.) was predicted.
Sensitivity analysis
The effect of VBIND and VMIX parameters on the cumulative mass of pretilachlor entering the vadose zone as predicted by the RICEWQ-VADOFT model is presented in Figure  5 . The model was very sensitive to both parameters, and increases in their values resulted in corresponding increases on the cumulative pesticide mass seeping to the vadose zone. A gradual increase in the output values with VBIND increases was evident throughout the range of VBIND values tested (Fig.  5a ). On the other hand, the model was very sensitive to VMIX changes in the range of values between 0 and 0.03 (Fig. 5b) . The VMIX values exceeding 0.05 did not significantly affect the cumulative pesticide mass seeping to the vadose zone. The effect of VSETL and CSS on the predicted cumulative mass of pretilachlor seeping to the vadose zone is presented in Figure  6 . Generally the model showed low sensitivity to changes in VSETL. Varying the input values of VSETL from 0 to 2 cm/ d did not significantly alter output values (Fig. 6a) . Similarly, when a nominal VSETL value of 2 m/d was used, the model showed low sensitivity to changes in CSS (Fig. 6b ).
DISCUSSION
The model RICEWQ-VADOFT was evaluated for its capability to simulate the environmental fate of the herbicide pretilachlor in a paddy field. Calibration of the model for userdefined parameters controlling pesticide partitioning to paddy sediment resulted in strong agreement between predicted and measured concentrations of the herbicide in paddy water and sediment. The closeness-of-fit of the model predictions to the measured data were assessed by graphical display of the simulated and measured concentrations of the herbicide in paddy water and sediment (Figs. 2 and 3 ). However, with such graphical displays the level of adequacy between simulated and measured data to be considered acceptable is user-dependent, and this limits the use of such displays [25] . In order to overcome the problem of subjectivity in the evaluation of model performance, a number of statistical indicators were used for assessing the performance of the model. Both graphical and numerical methods have limitations when considered individually, and the combination of the two sets of techniques is preferable [29] . Under calibrated conditions, low values of RMSE, REE, and CRM and high values of EF and CNS were obtained for both simulation years, indicating strong agreement between measured and predicted data [26] [27] [28] . The values of the statistical indicators suggest that the model predicted the fate of pretilachlor with higher accuracy in paddy water than in paddy sediment. The absence of sediment-specific K d values for pretilachlor resulted in the use of literature-derived K d values, which might be responsible for the existing discrepancy between observed and predicted values in paddy sediment. The model underpredicted concentrations of pretilachlor partitioning to paddy sediment 5 DAT in 2002. Previous studies have indicated that careful parameterization of spatial parameters like K d is essential in order to minimize uncertainty in the model's output regarding leaching [10] .
The model accurately predicted losses of pretilachlor from paddy fields due to runoff, although a limited number of observations were available. Although the leaching of pretilachlor was not studied in the field experiment, the calibrated model predicted that the major part of pretilachlor residues would not move beyond the top 25 cm of the soil profile and only trace amounts would reach to 100-cm depth. Significant leaching of pretilachlor below the 100 cm was not observed even when VBIND values (0.2) 10-fold higher than the calibrated value were used in the model. Therefore, under the specific spatial and temporal conditions applied in the test paddy area in northern Italy and the normal agricultural and water management practices used, pretilachlor would not move to the groundwater aquifers. Previous studies have suggested that pretilachlor is a relatively immobile herbicide and shows high affinity for adsorption to soil organic matter [30] . In a microcosm study, Flori et al. [31] found that only minor amounts of pretilachlor had moved to deeper soil layers and no pretilachlor was detected in the leaching water. In addition, none of the monitoring studies employed in the main rice cultivation areas of Europe where pretilachlor is used have reported its presence in related groundwater aquifers [5, 6, 32] . However, further studies at field and semifield scale are necessary in order to investigate the full leaching potential of pretilachlor in different edapho-climatic and agricultural conditions.
Under calibrated conditions, the predicted mass balance for both years suggested that the major route for pretilachlor dissipation in the paddy environment was its decay in paddy water and sediment with runoff and leaching playing a less important role. The model predicted significant runoff losses of pretilachlor during paddy closure time after pesticide application in both years. This could be attributed to certain extreme 1-d precipitation events that occurred during closure time and triggered overflow from the paddy when the concentration of pretilachlor in paddy water was still high. For example, the measured concentration of pretilachlor in paddy water 2 DAT in 2001 was 748 g/L. At this date a precipitation event of 13.4 mm occurred that resulted to the direct loss of pretilachlor from the paddy field due to runoff/overflow. The higher amount of pretilachlor entering the vadose zone in 2002 as predicted by the model was expected because the calculated seepage rate in 2002 was 0.27 compared with 0.07 cm/d in 2001. Previous validation tests have illustrated the sensitivity of leaching model predictions to seepage rate [10] .
A sensitivity analysis of the RICEWQ-VADOFT model was carried out for spatial parameters that control pesticide partitioning between paddy water and sediment. Dubus et al. [25] suggested that a limited sensitivity analysis should be carried out if environmental conditions or pesticide properties in the modeling differ from those for which sensitivity information is available. Previous sensitivity analysis for the RI-CEWQ-VADOFT model was performed against a dataset derived under the same environmental and experimental conditions but with a low input and relatively mobile herbicide like cinosulfuron [10] . Therefore, a limited sensitivity analysis was essential because there were significant differences in the pesticide properties between pretilachlor and cinosulfuron. Leaching predictions of the RICEWQ-VADOFT were very sensitive to input parameters like VBIND and VMIX, which control the process of pesticide partitioning to paddy sediment. Higher VBIND and VMIX values resulted in higher amounts of pesticide partitioning to paddy sediment and, thus, resulted in pesticides entering through the active sediment layer to the vadose zone. In contrast, the model was not sensitive to other spatial parameters like VSETL and CSS, which control the concentration and the settlement of suspended sediment in the paddy. No sensitivity information regarding VSETL, CSS, and VMIX input parameters have been reported in the past.
The results of the current validation study in combination with previous validation tests [9, 10, 33] suggest that the RI-CEWQ-VADOFT model adequately could predict the fate of pesticide under the specific conditions applying to rice paddies. However, more detailed studies on the water and solute movement to soil layers, including hydrological characterization of the unique soil conditions beneath rice paddies, is a prerequisite for a complete model validation. This model is a strong candidate for use in higher-tier risk assessment for pesticides applied in rice paddies, filling the scientific and regulatory gap existing at European level. The development of scenarios at member state level that would cover the variety of edaphoclimatic conditions applied in rice cultivation in Europe would enhance risk assessment in rice paddies. This will help create the basis for the development of a uniform approach for regulatory pesticide risk assessment in rice in Europe.
